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SUMMARY 



Photomicrographs were taken of fuel sprays injected 
into air at various densities for the purpose of studying 
the spray structure and the stages in the atomization of 
the fuel. The photomicrographs were talien at magnifying 
powers of 2.5, 3.25, and 10, using a spark discharge of 
very short duration for illumination. The 'results indi- 
cate that the theory advanced hy Dr. R. A. Castleman, jr., 
on the atomization of fuel in carburetors may also be ap- 
plied to the atomization of fuel sprays of the solid- 
injection type. The fuel ler^ves the nozzle as a solid 
column, is ruffled and then torn into small, irregular 
ligaments by the action of the air.- These ligaments are 
then quickly broken up into drops by the surface tension 
of the fuel. The photomicrographs also show that the dis- 
persion of a fuel spray at a given distance from the noz- 
zle increases with an increase in the jet velocity or an 
increase in the air density. The first portions of fuel 
sprays injected from an automatic injection valve into air 
at atmospheric density ha,ve a much greater dispersion than 
the later portions, but this difference decreases rapidly 
as the air density is increased. 



INTRODUCTIOI^ 



In the- course of the general research on fuel sprays 
for compression-ignition and spark-ignition engines of the 
solid-iinj ection type, much information has been gathered 
about the external form of the sprays, their penetration 
and dispersion, and about the atomization and distribution 
of the fuel within the sprays. 'From various phenomena ob- 
served, inferences have been drawn concerning the internal 
structure of the sprays and the nature of the atomization 
process. However, very little direct information has been 
available concerning this process. 
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At the lahoratory of the ilationiil Advisory Committee 
for Aeronautics, a large nuinoer of photomicrographs have 
recently heen made of fuel sprays from a variety of noz- 
zles used in fuel-injection work. They reveal details of 
spray structure ^vhich had heretofore been unobserved, and 
the true nature of ^vhich has. been largely a matter of con- 
jecture. The purpose' of this note is to present a few of 
these photomicrographs accompanied by a brief discussion 
of the results obtained. The.v7ork is being continued, and 
a more complete account of the results will be published 
later, 

APPARATUS AlTD liSTZODS' 



A micro. scppe with cevnera attachment was used to tahe 
photomicrographs at* a magnifying power of 10; camera lenses 
mounted in the end of a box about 2 feet long gave satis- 
factory photographs, at magnifications of 2,5 and 3,25. 

In each case the illumination was furnished by a 
spark discharge obtained with the electrica-I' circuit de- 
scribed in reference 1. The spark gap was placed directly 
behind the sprays so that the. pho t omi cr ogr aphs are silhou-. 
et teso 

The nozzles were used as part of an automatic injec- 
tion valve and also as open nozzles. The injection valve • 
was operated by the common-rail ' fuel-inj action system of 
the IT.AoC.A, spray photography apparatus, Synchc oniz;.t i on 
of the spark and the spray was accomplished by a rota/'y 
disk switch on the same shaft with the cams that conta. ol 
the injection. The spark could be made to occur at c.ny 
desired stage in the development of the spray by changing 
the phasing of the disk switch with respect to the cam- 
shaft. The sprays from the automatic injection valve were 
injected into a glass-walled chamber, in which the air den- 
sity could be maintained above or below atmospheric. The 
sprays from the open nozzles were continuous, and wer^ al- 
ways injected into air at at?xio spheric density, the fubL 
being supplied under pressure from a reservoir arranged to 
maintain, a' constant pressure for several seconds. In this 
case the timing of the sp.ark was manually controlled. The 
open nozzles v;ere used with injection pressures up to 
1^,000 po-ands per square inch, becc-use the operation of the 
automatic injection valve v,^as erratic at this and lower 
pro'ssures. 
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RESULTS. AND DISCUSSION 



The fact that the sprays were photographed as silhou- 
ettes should he iiept in mind while studying the photomi- 
crographs, hecause the core of the spray is the only part 
dense enough to register on the films. Most of the minute 
drops in the envelope of. the spray 'surrounding the core 
cpiild not be photographed. 

It was found that the fundamental processes involved 
in the spray formation could be better observed in photo- 
liii crogr.aph.s of sprays in air at atmospheric density than 
iji those made at higher air densities. Pine details of 
sprays in dense air wero so obscured by the cloud of mist 
surrounding the core .that clear photographs could not be 
obtained. A better interpretation may be given to such 
photomicrographs after studying those made at air densi- 
ties of one atmosphere or loss. 

The results obtained at atmospheric air density are 
directly applicable to the case of fuel injection during 
the intake stroke in spark-ignition engines. 

Sprays at Low Injection Pressures 

The photomicrographs taken at injection pressures be- 
low 1,000 pounds per square inch are of special interest 
because of the clearness of detail obtainable and the fact 
that at these low pressures the disintegration of the fuel 
column is slower and the varioiis stages are more distinct- 
ly separated. 

The photomicrographs presented in this report show 
that the behavior of fuel sprays follows the process out- 
lined by Dr. R. A. Castleman, jr., of the Bureau of Stand- 
ards. He says in reference 2, concerning atomization by 
carburetion, "The actual process of atomization seems 
rather simple. A portion of the large mass is caught up 
(say, at a point where its surface is ruffled) by the air 
stream and, being anchored at the other end, is drawn out 
into a fine ligaaont. This ligament is quickly cut off by 
the ra]Did growth of a dent in its surface, and the detached 
mass, being quite sinall," is swiftly drawn up into a spher- 
ical drop.'^ He compares "solid" injection of fuel to air- 
stream atoiuization, and concludes that the atomization 
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processes are similar, the formation of ligaments heing 
controlled by the relative velocity "between the air and 
the. fuel in each case« 

The "breahdown of a low-velocity liquid column into 
drops-, which is siiiil.ar to the "breahdowii of a ligament as 
described by Castleman, is illustrated by Figure 1, which 
shows a stream of fuel injected from a 0«C20-inch orifice 
at a very low pressure and consequently a very low veloc- 
ity • 

The photomicrographs of figure 2 furnish many i'llus- 
trp.tions of the formation of ligaments and their breakdown 
into drops. The appearance of a constrictio'n in the lig-* 
Pvinent just prior to breahing- off is noticeable in a groat 
many of the pho t omi cro.graphs that have been taken.- I.Iany • 
details observable on the original negatives, of which 
about 2,000 have been made, ^-re lost in the process of rc- 
production. The similarity octweon the photomicrographs 
of ligurc 2 and the photographs made by Scheubel of air- 
strcam atomization in a model carburetor (referonce 3) is 
very striking. 

Figure 3 shows six stages in the development of a fuel 
spray injected at a low pressure izito.'tho atmosphoro. iTo- 
tico the ruffling of the fr^el column near the nozzle, which 
grows in magnitude as the distance from the nozk^le is in- 
creased. At still greater distances ligaments are formed 
which then collapse to form drops. 

Effect of Injection Pressure 



rigure 4 shows photomicrographs, taken 5 inches from 
the nozsle, of sprays injected into the atmosphere a,t va- 
rious injection pressures. They show that- the disruption 
of the fuel jet and the dispersion of the fuel particles 
increased as the injection pressure increasod. At; pres- 
sures above those shown, the dispersion is still greaisort 
but the cloud of fine drops in the envelope caused tb j 
photograph to bo blurred and unsuitable for reproduction. 
In the original negatives the formation of small ligaments 
is very noticeable oven at injection, presscircs of 1,000 
pounds per square inch and higher. 
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Influence of Air Density 



^. As. has • "been mentioned oefore, all photomicrographs 
.,taken-at densities other than atmospheric show sprays from 
an avutoi?tatic injection valve. As shown in Figure 5, the 
first part of a spray from such a valve is more widely 
dispersed than the -later portions. Photomicrographs of 
sprays injected into air halving different densities showed 
that, this difference in dispersion decreased rapidly as the 
air density was • incr eased. As the injection progressed 
the dispersion "became similar to that of continuous sprays, 
and phot omi crographs made at the later stages are used in 
some of the following figures. 

The influence of air density on the dispersion of ful- 
ly developed sprays is shown "by the photomicrographs in . 
Figure 6, They show that the disruption of the fuel jot 
and. the dispersion of the fuel particles increase with air 
density. 

When different nozzles of like design were used to 
produce sprays in the evacuated chamher, it was found that 
the spray dispersion varied greatly. In some cases the 
sprays were nearly as well dispersed as when injected into 
the atmosphere, out in other cases the dispersion was very 
slight, even at high injection pressures. The differences 
are thought to "be due to irregularities in the nozzles. 
In one case a nozzle that gave a woll-di spor sod spray was 
found to have a slight irregularity. After it was polished, 
the spray dispersion was less. As the air density was in- 
creased, the difference in the dispersion of sprays from 
different nozzles decreased, becoming very slight at the 
higher values used. 

Effect of Distance from the Nozzle 

The photomicrographs of Figure 7 show how the appea.r- 
an ce of a high-velocity spray changes as it tr^.vels away 
from the nozzle. The same stages were more distinct with 
a. low-velocity spray. (Fig. 3.) 
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Af:;reement with Experiments on Spray Atomization 



Experiments have "been performed at this laboratory 
(reference 4) in which the final sizes attained ty the fu- 
el -oarticles in sprays were determinod. The results 
showed that the drop sizes decreased with increasing jet 
velocity, "but that changing the density of the air into 
which they were injected had no' effect. Experiments "by 
Sass (reference 5) showed the same results for different 
velocities, "but indicated that the drop sizes decreased 
with increasing air density. The photomicrographs of leis- 
ures 6 and 7 show that, at a given distance from the noz- 
zle, an increase in the air density causes a very decided 
increase in the dispersion, and probably a decrease in the 
mean drop size. Substantially the same results may be ob- 
tained by keeping the air density constant and increasing 
the distance from the nozzle. may conclude that the 

atomizing process continues as long as the jot velocity is 
high enough to cause large particles to be torn apart to 
form smaller ones. In very dense air, the process is 
quichly carried to the limits obtainable with the jet ve- 
locity used; in air at low densities the jet loses its 
velocity more slowly and travels farther, but the final 
effect is the same. With the apparatus used by Sass the 
spray was caught after it had traveled about 8 inches, 
e,nd it may be that the atomizing process was incomplete 
at that distance, especially at the lower air densities. 



COilCLUSIOUS 

The studies th\is far made of the photomicrographs of 
fuel sprays indicate: 

That the theory of air-stream atomization, advanced 
by Dr. H. A. Castleman, jr., appears to be directly appli- 
cable to the atomization of fuel sprays of the solid-injec- 
tion type* 

That at a given distance from the orifice, the dis- 
ruption of the jet and the dispersion of the fuel increase 
with an increase in the jet velocity or an increase in 
the air density. 

That at a given value of jet velocity and air density, 
the disruption of the jet a.nd the dispersion of the fuel 
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increase with distance from the nozzle until the relative 
velocity between the fuel and the air "becomes so low that 
the air no longer tears the fuel apart. 

That at atmospheric and sutatmo spheri c air densities, 
thero may "be wide differences in the dispersion of sprays 
from different nozzles of the same geometric design "be- 
cause of slight irregularities in the nozzles, and also "be- 
tween the early and later parts of sprays from nozzles 
used with automatic injection valves. At air densities 
corresponding to those in compression-ignition engines at 
the time of fuel injection the differences are slight. 



Langley Memorial Aeronautical Laboratory, 

lTationa.l Advisory Committee for Aeronautics, 
Langley Field, Va. , June 13, 1932. 
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Injection pressure, 10 pounds per square Inch 
IHLeoharge orifice diameter, 0.020 inch 
Air density, 1 atmosphere 
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Fig, 



1 Riotondcrograph showing the hreakdown of a 
fuel column into drops, X 3.25 
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Injection pressure, 250 Ib./sq.in, 
Orifice diameter, 0.014 inch 
Distance from nozzle, 5 inches 
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Injection press-ore, 550 Ib./sq.in. 
Orifice diameter, 0.020 inch 
Distance from nozzle, 5 inches 




Injection pressiire, 120 Ib./aq.in. Injection pressure, /uu lo./sq.m. 
Orifice diameter, 0.020 inch Orifice diameter, 0.020 inch 

Distance from nozzle, 7.5 inches Distance from nozzle, 1.5 inches 



Fig. 2 Photomicrographs of fuel sprays showing the formation and 
breakdown of ligaments, X 10. illl sprays continuous, in- 
jected into air at atmospheric density. 




At the nozzle 


1 inch from nozzle 


3 inches from nozzle 
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5 inches from nozzle 



7.5 inches from nozzle 



10 inches from nozzle 



Injection pressure, 100 pounds per square inch 

Air density, 1 atmosjihere 

Diameter of discharge orifice, 0.020 inch 

Fig. 3 Photomicrographs showing the various stages in the hreakdown of a 
low-velocity fuel Jet, X 10 
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Injection pressure, Injection pressure. Injection presBure, 

200 poTinds per square inch 50O pounds per square inch 1000 pounds per square inch 



Distance from nozzle, 5 inches 
Discharge orifice diameter, 0.020 inch 
Air density, 1 atmosphere 



rig. 4 Photomicrographs showing the effect of injection pressure on the 
atomization process, X 10 




Injection pressure, 1500 pounds per square Inch 

Air density, 1 atmosphere 

Discharge orifice diameter, 0.008 Inch 



fig. 5 Silhouette photographs of fuel sprays from ato 
automatic injection valve, X 2.5 
(a) Start of spray 

(h) 0.002 second after start of spray 
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Air density, 0.00526 atmosphere Air density, 1.0 atmosphere Air density. 13.3 atmospheres 

Injection pres8\ire, 1000 llD./sq.in* Distance from nozzle, 1.5 inches 
Discharge orifice diameter. 0.008 inch 
Fig. 6 Photomicrographs showing the effect of the density of the air into which 
the fuel is sprayed on the atomization process, X 10 




At the nozzle 2 inches from nozzle 5 inches from nozzle 

Injection pressure, 1000 l\)./sq.in. Air density, 1 atmosphere 
Discharge orifice diameter, 0.014 inch 
Fig. 7 Photomicrographs showing tne atomization process at different distances 
from the nozzle, X 10 
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